Lozon TI, Eastman AJ, Matute-Bello G, Chen P, Hallstrand TS, Altemeier WA. PKR-dependent CHOP induction limits hyperoxia-induced lung injury. Am J Physiol Lung Cell Mol Physiol 300: L422-L429, 2011. First published December 24, 2010 doi:10.1152 doi:10. /ajplung.00166.2010 is commonly employed in patients with respiratory failure; however, hyperoxia is also a potential contributor to lung injury. In animal models, hyperoxia causes oxidative stress in the lungs, resulting in increased inflammation, edema, and permeability. We hypothesized that oxidative stress from prolonged hyperoxia leads to endoplasmic reticulum (ER) stress, resulting in activation of the unfolded protein response (UPR) and induction of CCAAT enhancer-binding protein homologous protein (CHOP), a transcription factor associated with cell death in the setting of persistent ER stress. To test this hypothesis, we exposed the mouse lung epithelial cell line MLE-12 to 95% O2 for 8 -24 h and evaluated for evidence of UPR induction and CHOP induction. Hyperoxia caused increased CHOP expression without other evidence of UPR activation. Because CHOP expression is preceded by phosphorylation of the ␣-subunit of the eukaryotic initiation factor-2 (eIF2␣), we evaluated the role of double-stranded RNA-activated protein kinase (PKR), a non-UPR-associated eIF2␣ kinase. Hyperoxia caused PKR phosphorylation, and RNA interference knockdown of PKR attenuated hyperoxia-induced CHOP expression. In vivo, hyperoxia induced PKR phosphorylation and CHOP expression in the lungs without other biochemical evidence for ER stress. Additionally, Ddit3 Ϫ/Ϫ (CHOP-null) mice had increased lung edema and permeability, indicating a previously unknown protective role for CHOP after prolonged hyperoxia. We conclude that hyperoxia increases CHOP expression via an ER stress-independent, PKRdependent pathway and that increased CHOP expression protects against hyperoxia-induced lung injury.
OXYGEN SUPPLEMENTATION is routinely used in the management of patients with acute respiratory failure. However, prolonged exposure to hyperoxia has long been recognized as a potential contributor to acute lung injury (26) . In animals, prolonged exposure to hyperoxia causes lung injury, characterized by cell death, increased lung permeability, edema, and inflammation (5, 29) . Although the exact mechanisms by which hyperoxia causes lung injury are incompletely understood, generation of reactive oxygen species (ROS) and cellular apoptosis appear to play important roles (1) .
One potential mechanism linking ROS generation and cell death is endoplasmic reticulum (ER) stress, resulting in activation of the associated unfolded protein response (UPR) (23) . The ER functions to modify proteins for subsequent exposure to the extracellular environment. ER stress occurs when proteins become misfolded, as can happen with increased oxidative stress, or when the capacity of the ER is exceeded by new protein synthesis. With ER stress, the three ER sensor proteins protein kinase RNA-like ER kinase (PERK), activating transcription factor (ATF)-6, and inositol-requiring enzyme-1␣ (IRE1␣) are activated, leading to the UPR (4) . The UPR leads to general inhibition of new protein translation via phosphorylation of eukaryotic initiation factor (eIF)-2␣, while upregulating expression of specific proteins such as the chaperone protein binding protein/glucose-regulated protein-78 (BiP/ GRP78) to expand ER processing capacity. In addition, with unremitting ER stress, the UPR activates mitochondrial cell death pathways partly via CCAAT enhancer-binding protein (C/EBP) homologous protein (CHOP)-dependent mechanisms (20, 28, 30) .
CHOP, also known as Gadd153, is the 19.2-kDa protein product of Ddit3 and is induced during ER stress following phosphorylation of eIF2␣ and upregulation of ATF4 (12, 13, 31) . CHOP is a transcription factor associated with apoptosis, cell cycle arrest, and inhibition of other C/EBP proteins during ER stress (28, 42) . In models of cellular injury associated with ER stress, such as diabetes and ischemic brain injury, mice lacking CHOP have reduced cellular death and associated organ dysfunction (28, 31) . Recently, CHOP has also been associated with nonapoptotic responses in the lung and other organs, suggesting that CHOP has more diverse functions than originally appreciated. CHOP can participate in inflammatory responses by directly regulating expression of the neutrophil chemokine IL-8/CXCL8 and of caspase-4, a component of the inflammasome (9, 25, 38) . Additionally, CHOP overexpression results in increased ROS generation and podocyte adhesion to type IV collagen, suggesting roles in oxidative stress and regulation of molecules involved in cell-matrix interaction (3). Thus, in addition to its well-recognized role in apoptosis, CHOP can also contribute to inflammation, ROS generation, and altered cellular interaction with extracellular matrix.
CHOP induction has been reported in the lungs of mice exposed to hyperoxia, with immunohistochemical and in situ hybridization studies localizing expression predominantly to the bronchiolar epithelium but also, to a lesser extent, throughout the lung parenchyma (27) ; however, the mechanism and functional consequences of hyperoxia-induced CHOP expression are unknown. We hypothesized that hyperoxia-induced lung injury results from persistent ER stress, causing increased CHOP expression and subsequent cell death. We found that hyperoxia increased CHOP expression in the lung, but contrary to our hypothesis, this increase was independent of ER stress. Furthermore, CHOP was found to confer protection, rather than increased susceptibility, to hyperoxia-induced lung injury (21) . These findings suggest that CHOP has a previously unreported protective function in hyperoxia-induced lung injury that is independent of ER stress responses.
MATERIALS AND METHODS

Reagents.
The following reagents were used in these experiments: murine IgM ELISA (Bethyl Laboratories, Montgomery, TX); bicinchoninic acid protein assay (Pierce Biotechnologies, Rockville, IL); RNeasy kits for RNA isolation (Qiagen, Valencia, CA); and primer/ probes for quantitative PCR assays for BiP, CHOP, and ATF4 (catalog nos. Mm00517691_m1, Mm00492097_m1, and Mm00515324_m1, respectively, Applied Biosystems, Carlsbad, CA). Antibodies to BiP (catalog no. 3177), CHOP (catalog no. 2895), ␤-actin (catalog no. 4970), phosphorylated tyrosine (catalog no. 9411), cleaved caspase-3 (catalog no. 9601), and total and phosphorylated eIF2␣ (catalog nos. 9722 and 3597) were purchased from Cell Signaling Technologies (Danvers, MA). Antibodies to total and phosphorylated doublestranded RNA-dependent protein kinase (PKR; catalog nos. sc1702 and sc101783) and PERK (catalog no. sc13073) were purchased from Santa Cruz Biotechnologies (Santa Cruz, CA). Primer/probe assay for hypoxanthine phosphoribosyltransferase 1 (HPRT1) was designed using RealTimeDesign software and purchased from Biosearch Technologies (Novato, CA). Primer sequences for PKR were designed using Primer3 software (34) . Sequences for X-box binding protein-1 (XBP1) splice variants were previously published (11) . Oligonucleotide sequences are provided in Supplemental Table S1 (see Supplemental Material for this article, available online at the Journal website).
Cell culture. Murine alveolar epithelial (MLE-12) cells (39) were purchased from American Type Culture Collection and maintained in DMEM-F-12 medium (Invitrogen, Carlsbad, CA) supplemented with 2% FBS, 1% insulin-transferrin-selenium, 10 nM HEPES, 10 nM ␤-estradiol, 2 mM L-glutathione, 1% penicillin-streptomycin, and 10 nM hydrocortisone in 5% CO 2 at 37°C. Hyperoxia experiments were carried out using a sealed exposure chamber (Billups-Rothenberg, Del Mar, CA). Cells were subcultured on multiwell plates, grown to confluency, serum-deprived for 24 h, and placed inside the chamber. After the chamber was sealed, a 95% O 2-5% CO2 gas mixture was flushed through the chamber at 2 lb./in.
2 for ϳ3-5 min. A mass spectrometer was used to verify gas composition in the inner chamber.
Primary type II alveolar epithelial cells were isolated from mice (see Supplemental Material), cultured on type IV collagen-coated 96-well plates until confluent, and exposed to hyperoxia as described above.
Mice. The University of Washington Animal Care and Use Committee approved all experiments. Ddit3 Ϫ/Ϫ mice, which do not express the protein CHOP and are on a C57BL/6 background, and wild-type (WT) C57BL/6 mice were purchased from Jackson Laboratories (Bar Harbor, ME) and crossed to generate heterozygotic breeding pairs. All offspring were genotyped by PCR using protocols provided by Jackson Laboratories. Ddit3 Ϫ/Ϫ and Ddit3 ϩ/ϩ (CHOP-expressing, hereafter referred to as WT) female offspring were exposed to Ն95% hyperoxia for up to 72 h in an acrylic exposure chamber with a flow rate Ն5 l/min. O2 and CO 2 fractions in the chamber were verified using a mass spectrometer. After hyperoxia exposure, mice were euthanized by isoflurane overdose. Left lungs were removed, weighed, and homogenized for protein or mRNA collection. Each right lung was lavaged with three 0.5-ml aliquots of PBS containing 0.6 mM EDTA for determination of cell counts, protein concentration, and IgM concentration.
In separate experiments, lungs from WT and Ddit3 Ϫ/Ϫ mice exposed to 95% hyperoxia were removed and inflated to a pressure of 15 cmH2O with 4% paraformaldehyde over 24 h. Fixed lungs were embedded in paraffin, cut into 4-m sections, and stained with hematoxylin and eosin.
In a second set of experiments, Ddit3
Ϫ/Ϫ and WT mice were exposed to ϳ80% O 2 for up to 10 days. Mice were examined daily for predefined euthanasia criteria.
Western blot analysis. Cell and lung homogenates were prepared by sonication in 4°C lysis buffer (20 mM Tris, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, and 1% Triton X-100, pH 7.5) containing a combination of protease and phosphatase inhibitors (Roche, Basel, Switzerland). Lysates were cleared by centrifugation at 10,000 g for 10 min at 4°C, and supernatants were collected. For all immunoblots, 20 g of protein per well were separated by SDS-PAGE and transferred to polyvinyl pyrrolidone membrane. Membranes were probed overnight with antibodies to the following proteins at the specified dilutions: BiP, eIF2␣, PKR, and cleaved caspase-3 at 1:1,000; phosphorylated eIF2␣, phosphorylated PKR, and CHOP at 1:500; and ␤-actin at 1:5,000. For CHOP immunoblots, immunoglobulins were precleared from lung homogenates by overnight incubation at 4°C with protein A-agarose beads (GE Healthcare, Piscataway, NJ).
For evaluation of PERK phosphorylation, cell lysates were incubated with 2 g of anti-PERK antibody and protein A-agarose beads overnight. Immunoprecipitates were collected and analyzed as described above with antibody to phosphorylated tyrosine (1:2,000 dilution). Membranes were stripped and reprobed with antibody to PERK (1:200 dilution) as loading control and to confirm correct molecular weight of the phosphorylated tyrosine signal.
RNA isolation and RT-PCR analysis. Total RNA was collected from cells and from lung tissue and treated with DNase. After first-strand cDNA synthesis, quantitative RT-PCR was performed using hydrolysis (Taqman) assays for ATF4, BiP, CHOP, and HPRT1. Quantitative RT-PCR for PKR was performed using SYBR Green. HPRT1 was used as internal control for all reactions.
XBP1 splicing was analyzed as previously described (20) . Briefly, PCR amplification was performed on cDNA templates using the primers that span the fragment of XBP1 excised by IRE1␣. PCR products were separated on a 2.5% agarose gel in 1ϫ Tris-acetate-EDTA buffer and observed by ethidium bromide staining.
RNA interference knockdown experiments. PKR expression was knocked down in MLE-12 cells using ON-TARGETplus SMARTpool small interfering RNA (siRNA; Dharmacon, Lafayette, CO). siRNA targeted to cyclophilin B was used as a negative control. Both sets of siRNA were used at 25 nmol with Dharmafect 1 transfection reagent (Dharmacon) for 72 h in antibiotic-free medium.
Statistical analysis. Data were analyzed by analysis of variance and Tukey's honestly significant difference test with use of Prism 4.0 software (Graphpad). All cell culture experiments were repeated three times. All data are presented as means Ϯ SD. Log-rank test was used to compare survival curves during prolonged 80% O2 exposure.
RESULTS
CHOP is induced by hyperoxia in vitro.
To determine whether hyperoxia induced CHOP expression, MLE-12 cells were exposed to 95% O 2 for up to 24 h. CHOP mRNA was elevated nearly threefold by 16 h and fourfold by 24 h of hyperoxia compared with 0 h (Fig. 1A) . ATF4, a transcription factor directly upstream of CHOP, showed a similar pattern of induction, with mRNA levels increased by 16 h and maintained through 24 h (Fig. 1A) . At the protein level, CHOP was increased following 24 h of hyperoxia (Fig. 1B) . Phosphorylation of eIF2␣ is required for upregulation of ATF4 and CHOP (14 -16) . Increased phosphorylation of eIF2␣ was observed after 8 h of hyperoxia and persisted through 24 h (Fig.  1B) . To confirm these findings, primary murine type II alveolar epithelial cells were isolated and exposed to hyperoxia for up to 72 h. Isolated cells expressed the alveolar epithelial cell gene for surfactant protein C and did not express the fibroblast gene for fibroblast-specific protein-1/S100-A4 (see Fig. S1 in Supplemental Material). Interestingly, CHOP mRNA was initially lower after 24 h of hyperoxia but subsequently increased by approximately twofold after 72 h of hyperoxia in the primary alveolar epithelial cells (Fig. 1C) .
The UPR is not activated by hyperoxia. We hypothesized that CHOP induction during hyperoxic exposure was associated with ER stress. To identify the presence of ER stress, we evaluated several components of the UPR in MLE-12 cells exposed to hyperoxia. As part of the UPR, IRE1␣ alternatively splices XBP1 mRNA (4, 41) . Whereas treatment with tunicamycin, an inducer of ER stress, caused alternative splicing of XBP1, XBP1 splicing was conspicuously absent after hyperoxic exposure ( Fig. 2A) . During ER stress, BiP, an ER chaperone protein, is upregulated via ATF6-and XBP1-dependent mechanisms. However, BiP expression was unchanged at mRNA and protein levels in response to hyperoxia (Fig. 2, B and C) . The third branch of UPR activation involves the phosphorylation of PERK, which is directly upstream of eIF2␣, ATF4, and CHOP. In correlation with the other data, no increase in phosphorylated PERK was observed with hyperoxia (Fig. 2C) . Thus, contrary to our hypothesis, we found no evidence of ER stress or the UPR in MLE-12 cells exposed to hyperoxia, suggesting that eIF2␣ phosphorylation and downstream CHOP induction occurred via an alternative mechanism.
Hyperoxia induces CHOP expression via PKR activation.
Because our data suggested that CHOP was not induced via the UPR, we considered other pathways that can lead to CHOP induction. PKR is an eIF2␣ kinase that is activated following binding to double-stranded RNA, an intermediate product of viral replication, but can also be activated by binding to the PKR-activating protein (PACT)/retinal homeobox protein Rx (RAX) (8, 32) . Because H 2 O 2 induces PACT phosphorylation and PKR activation (15), we speculated that oxidative stress during hyperoxia may also activate PKR.
We found that PKR was phosphorylated after 16 h of hyperoxia (Fig. 3A) . To determine whether CHOP induction resulted from PKR activation, PKR expression was knocked down in MLE-12 cells. MLE-12 cells were treated with siRNA targeting PKR or cyclophilin B (negative control) for 72 h prior to collection (48 h prior to hyperoxia). PKR was significantly reduced by specific siRNA treatment ( Fig. 3B ; see Supplemental Fig. S2 ). PKR knockdown attenuated hyperoxia-induced ATF4 expression (Fig. 3C ) and CHOP expression (Fig. 3D) . Thus hyperoxia induced CHOP via a PKR-dependent, UPRindependent pathway in MLE-12 cells.
Hyperoxia induces CHOP independent of ER stress in vivo. To confirm that hyperoxia induces CHOP expression in vivo, mice were exposed to 95% O 2 for up to 72 h. CHOP and ATF4 mRNA levels significantly increased by 1.5-to 2-fold after 48 h of hyperoxia (Fig. 4A) . Increased levels of phosphorylated eIF2␣ and CHOP protein were observed at 72 h of hyperoxia (Fig. 4B) .
To determine whether the UPR is activated with hyperoxia in vivo, BiP expression and XBP1 alternative slicing were Fig. 2 . Hyperoxia does not cause general activation of the unfolded protein response (UPR). A: representative agarose gel electrophoresis of X-box binding protein (XBP1) PCR product demonstrating different-sized cDNA corresponding to spliced and unspliced XBP1 mRNA. mRNA collected from MLE-12 cells was exposed to 95% O2-5% CO2 for up to 24 h or 5 M tunicamycin (tm) for 6 h. B: fold change in binding protein (BiP) mRNA normalized to HPRT1 from MLE-12 cells exposed to 95% O2-5% CO2 for up to 24 h. Data summarize 3 separate experiments for each time. C: representative immunoblots of whole cell lysates for BiP, phosphorylated protein kinase RNA-like endoplasmic reticulum kinase (p-PERK), total PERK, and actin from MLE-12 cells exposed to 95% O2-5% CO2 for up to 24 h or 5 M tunicamycin for 24 h.
Fig. 1. Hyperoxia induces CCAAT enhancer-binding protein homologous protein (CHOP) in vitro.
A: fold change in CHOP and activating transcription factor (ATF)-4 mRNA normalized to hypoxanthine ribosyltransferase (HPRT1) from murine alveolar epithelial (MLE-12) cells exposed to 95% O2-5% CO2 for up to 24 h. B: representative immunoblots of whole cell lysates for phosphorylated eukaryotic initiation factor (eIF)-2␣ (p-eIF2␣), total eIF2␣, CHOP, and actin from MLE-12 cells exposed to 95% O2-5% CO2 for up to 24 h. tm, Lysate from cells exposed to 5 M tunicamycin for 24 h to induce ER stress. C: fold change in CHOP mRNA normalized to HPRT1 from primary mouse lung type II epithelial cells exposed to 95% O2-5% CO2 for up to 72 h. Quantitative PCR data summarize 3 separate experiments for each time. *P Ͻ 0.05 vs. 0 h. measured in the lungs of mice exposed to 95% O 2 for up to 72 h. Consistent with the cell culture results, BiP induction ( Fig.  4B ) and XBP1 alternative splicing (Fig. 4C) were absent in the lungs of mice exposed to hyperoxia. However, 48 h of hyperoxia did cause PKR phosphorylation in the lung (Fig. 4D) . Together, these data suggest that hyperoxia increases CHOP expression via a UPR-independent pathway, likely involving PKR phosphorylation of eIF2␣.
CHOP-deficient mice have increased lung injury with hyperoxia. To determine if CHOP is involved in the pathogenesis of hyperoxia-induced lung injury, Ddit3
Ϫ/Ϫ mice were compared with WT mice after 72 h of hyperoxia (Ն95% O 2 ). Exposure to hyperoxia resulted in elevated bronchoalveolar lavage fluid (BALF) total protein concentrations and increased lung weights (Fig. 5, A and C) . Hyperoxia also caused a significant increase in BALF IgM concentration (Fig. 5B) . Elevated BALF IgM, which normally exists as a pentameric multimer with a molecular weight of ϳ900,000, is a marker of lung permeability to very large proteins, indicating disruption of the alveolar-capillary barrier. Unexpectedly, total protein and IgM concentrations in BALF were higher and normalized lung weights were greater in Ddit3 Ϫ/Ϫ than WT mice. Hyperoxia also resulted in a modest increase in BALF polymorphonuclear cell count; however, there was no difference between WT and Ddit3 Ϫ/Ϫ mice (Fig. 5D) . Consistent with the quantitative findings of increased permeability and lung weights, histological sections from the lungs of Ddit3 Ϫ/Ϫ mice demonstrated thickened alveolar septae and increased intra-alveolar exudate compared with WT mice following exposure to hyperoxia (Fig. 6) . Because apoptosis may play a role in acute lung injury-associated barrier dysfunction and because CHOP is associated with initiation of apoptosis in the setting of ER stress, we evaluated for activation of caspase-3. Immunoblot revealed no differences in levels of activated caspase-3 between WT and Ddit3 Ϫ/Ϫ mice exposed to hyperoxia for 72 h (see Supplemental Fig. S3 ). A: ATF4 and CHOP mRNA normalized to HPRT1 from lungs of mice exposed to 95% O2 for up to 72 h (n ϭ 5/group). *P Ͻ 0.05. B: representative immunoblots of phosphorylated and total eIF2␣, CHOP, BiP, and actin from whole lung lysates of mice exposed to 95% O2 for up to 72 h. tm, MLE-12 cells treated with 5 M tunicamycin for 24 h. C: XBP1 PCR product demonstrating different-sized cDNA corresponding to spliced and unspliced XBP1 mRNA. mRNA collected from lungs of mice was exposed to 95% O2 for up to 72 h. tm, MLE-12 cells treated with 5 M tunicamycin for 6 h. D: immunoblots of phosphorylated PKR and actin from lung lysates of mice exposed to 95% O2 for up to 72 h.
We attempted to evaluate the role of CHOP over longer periods of hyperoxia exposure. However, four of five Ddit3 Ϫ/Ϫ mice did not survive exposure to 95% O 2 for 90 h. In contrast, all but one of the WT mice survived. To determine whether CHOP is important for survival at lower levels of hyperoxia, mice were exposed to 80% O 2 for up to 10 days. By day 10, only 20% of Ddit3 Ϫ/Ϫ mice survived, in contrast to 80% of WT mice (P ϭ 0.036; Fig. 5E ).
DISCUSSION
In this study, we examined the role of ER stress and CHOP induction in hyperoxia-induced lung injury. The important findings of this study are as follows: 1) hyperoxia induced CHOP expression in cultured lung epithelial cells and intact mouse lungs in vivo; 2) CHOP induction in response to hyperoxia was independent of other biochemical Ϫ/Ϫ and wild-type (WT) mice exposed to 72 h of normoxia (21% O2) or hyperoxia (95% O2). E: survival of Ddit3 Ϫ/Ϫ and WT mice exposed to 80% O2 for up to 10 days. *P Ͻ 0.05 vs. 21% O2. evidence of ER stress; 3) PKR was required for maximal CHOP expression with hyperoxia; and 4) mice lacking CHOP had increased lung permeability and decreased survival in response to hyperoxia. CHOP is a transcription factor previously implicated in a variety of cellular stress responses. CHOP is induced by ATF4, which in turn is expressed following phosphorylation of eIF2␣. eIF2 is essential for initiation of protein translation, and phosphorylation of its ␣-subunit inhibits new protein synthesis (33) . CHOP expression is classically described as part of the ER stress response, where it results from eIF2␣ phosphorylation by PERK (28) . However, our data show that, in the setting of hyperoxia, CHOP expression is primarily regulated by PKR-mediated eIF2␣ phosphorylation in the absence of other evidence of ER stress as measured by activation of the UPR.
We also found that CHOP induction during hyperoxia was protective against disruption of the alveolar-capillary barrier in the lung and that, consequently, the primary abnormality in Ddit3 Ϫ/Ϫ mice during hyperoxia was increased permeability independent of significant differences in polymorphonuclear cell recruitment or caspase-3 activation. In addition to increased lung permeability, Ddit3 Ϫ/Ϫ mice had increased mortality compared with WT mice at two different levels of hyperoxia. This protective effect of CHOP contrasts with CHOP induction during ER stress, which is typically associated with cellular death and associated organ dysfunction (40) . Recently, multiple studies have shown that CHOP has diverse functional effects beyond apoptosis (3, 9, 25, 38) , suggesting that the specific function of CHOP is contextually related. For example, ER stress-induced apoptosis requires not only CHOP (28) but also the endoribonuclease activity of IRE1␣, an independent component of the UPR (11) . In contrast to its function in the setting of ER stress, CHOP can function in proinflammatory responses through direct regulation of IL-8/CXCL8 and caspase-4, a component of the inflammasome (2, 3, 9, 38) , and through indirect regulation of monocyte chemoattractant protein 1 (MCP-1/ CCL2) (24) . Additionally, PKR phosphorylation is required for maximal cytokine response to Toll-like receptor (TLR)2/4 activation in macrophages (6) , raising the following question: Does CHOP play an unrecognized proinflammatory role during microbial infection via a PKR-dependent mechanism? Thus modulation of Toll-like receptor signaling pathways represents another way in which CHOP potentially modulates the lung response to bacterial infection and tissue injury, resulting in the release of endogenous ligands. The specific mechanism(s) by which PKR-regulated CHOP induction preserves alveolar-capillary permeability are unknown but may represent a potential novel pathway that can be manipulated to attenuate lung edema severity during acute respiratory distress syndrome.
Our results complement a recently published study by Gewandter et al. (10) , who report minimal activation of a BiP reporter construct and no evidence of activation of the three ER sensor proteins, PERK, ATF6, and IRE1␣, in two different human lung epithelial cell lines exposed to hyperoxia. Importantly, they also report that hyperoxia increases cell death in response to concurrent exposure to tunicamycin. A mechanism for this augmented cell death was not identified; however, the authors showed that overexpression of the ER chaperone protein BiP did not prevent the augmented cell death associated with hyperoxia. Our data suggest that hyperoxia-induced, PKR-mediated CHOP induction may be the mechanism by which hyperoxia augments cell death during ER stress. This is supported by the recent report that PKR activation by its endogenous activator PACT is required for maximal CHOP induction and cell death following tunicamycin-induced ER stress (36) . We speculate that PKR activation and CHOP induction during O 2 therapy or in response to viral activation may promote further lung injury in diseases associated with epithelial ER stress, such as idiopathic pulmonary fibrosis (18, 19) and smoking-related lung disease (14, 16, 17, 22) . Further studies evaluating the role of PKR-induced CHOP expression in ER stress-associated cellular injury are needed to evaluate this possibility.
Whereas our data identify a PKR-dependent pathway, other eIF2␣ kinases could also potentially contribute to hyperoxia-induced CHOP induction. Besides PERK and PKR, heme-regulated inhibitor kinase (HRI) and general control nondepressible protein 2 (GCN2) are eIF2␣ kinases expressed in mammals (35) . HRI is primarily expressed in reticulocytes and is activated upon heme or iron deficiency (7), diminishing the likelihood that it plays an important role in our model. GCN2, which is classically activated upon amino acid deprivation, also cannot be excluded as a possible contributor in hyperoxia-induced eIF2␣ phosphorylation and CHOP induction (12) .
Our data show that hyperoxia increases CHOP expression in cultured alveolar epithelial cells and in the lungs of mice. However, it is unknown whether CHOP expression in alveolar epithelial cells in vivo is the only or even primary mechanism by which CHOP limits lung permeability changes in the lungs of mice. In the setting of lung injury, increased permeability typically occurs in response to disruption of the alveolarcapillary barrier, and it is possible that CHOP induction in pulmonary endothelial cells is important. Data of oxidative stress-induced CHOP expression in pulmonary endothelial cells are not available; however, oxidative stress associated with exposure to oxidized low-density lipoproteins does induce CHOP in cultured human coronary artery endothelial cells (37) . It is also possible that induction of CHOP in a cell type other than alveolar epithelium or endothelium may play an important role in attenuation of lung permeability with hyperoxia. CHOP mRNA is expressed in bronchiolar epithelium and, less prominently, throughout the lung parenchyma in response to hyperoxia (27) .
In summary, our data show that hyperoxia induces expression of CHOP in the lungs, in vivo, and in lung epithelial cells, in vitro, by a mechanism independent of the UPR. Furthermore, we identify PKR phosphorylation as a key step required for expression of CHOP during hyperoxia. Surprisingly, we found that CHOP is protective in a murine model of hyperoxic lung injury. This protective effect of CHOP is in contrast to its reported role in models of ER stress-associated and inflammatory cellular injury. Specifically, deletion of CHOP resulted in increased disruption of the alveolar epithelial permeability barrier and increased mortality. This difference in permeability was not associated with differences in neutrophil recruitment. We conclude that PKR-dependent induction of CHOP is protective in lungs exposed to hyperoxic conditions by a novel mechanism independent of modulation of neutrophilic inflam-mation. Whether the protection associated with CHOP induction is secondary to modulation of cell death pathways, alteration in inflammatory responses, or some other mechanism remains to be determined.
